Spatially Compact OH Megamasers in Arp 220
and the Nature of the Central Energy Source

Colin J. Lonsdale!, Philip J. Diamond?, Harding E, Smith34,

and Carol J. Y.onsdale?

'Haystack Obscrvatory, Massachusetts Institute of Technology, Off Route 40, Westford, MA 01886

?National Radio Astronomy Observatory, P.0O.Box O, Socorio NM 87801

3Center for Astrophysics and Space Scicnces and Department of Physics, University of California, San
Diego,l.a Jolla, California 92093-0111

‘Infrared Processing and Analysis Center and Jet Propulsion Laboratory, Califoruia Institute of Tech-
nology 100 22, Pasadcna, CA 91125




Summary

Arp 220 is the prototypical luminous TR galaxy, and has been the focal
point of much debate on the origin, starburst or obscured quasar, of the high
luminosity Y¥of these objects. It also contains the prototypical OH megamaser
source3, current models for which involve a low-gain masing screen a few hun-
dred parsecs across, which amplifies background continuum emission from the
nuclear regions’16. New line and continuum VLBI1 observations show that the
OH line peak in Arp 220 is dominated by a feature of size <~ 1 parsec, position-
ally aligned with a weak continuum VI,B1 feature. Most of the Ol emission
from A rp 220 originates on scales < 10 parsecs and reflects a relatively high
maser gain, implying physical size scales of the masing regions 10-100 times
smaller than previously supposed®®. The maser energetic require a compact,
warm, and powerful IR pump source. A plausible model for the maser is that it
arises in the dense molecular torus thought to surround many classes of AGN'.
These results suggest that much of the power output from uliraluminous in-
frared galaxies may originate in an obscured quasar, not a nuclear starburst.

The 011 megamaser phenomenon was discovered® in 1982 in the ultraluminous infrared
galaxy Arp 220 (Lpyp~ 10121,., 1) =76 Mpc withl,= 75km s 'Mpc~!). Megamaser
cmissionis characterized by frequently double-peaked, relatively broad lines, with a high
ratio of 1667TMHzto 1665MHz line strength®. The radio continuum structure of Arp 220
consists of a 1 arcsecond (350pc) double, and each component is barely resolved with~0.15
arcsec resolution VLA observations®. 011 line imaging showed that in Arp 220, as in
other megamaser galaxies, the line emission has structure which mimics the continuum
emission®}? which has led to a model in which the emission is due to aforeground screen of
unsat urated low-gain (7 <1) masers which amplify intense background continuum emission
from the galaxy® %611, Previous VLBl QI observations' revealed components of size <30

milliarcseconds associated with each coutinuum source, which were thought to account for




only 40% of the single dish line Oll flux. These were interpreted as amplified images of
relatively strong, butundetected, inferred VI llI-scale continuum components, consistent
with the basic megamaser picture. Radii of 100 to 300 pc for the distance of the clouds
from the nucleus are suggested?though a high-velocity outflow may originate from radii as
small as 10pc'® .The powerful 50120 infrared radiation field of the nuclear region is
thought to pump the masers. Among the 50 or so knownmegamasers, a rough dependence
of l.onm« 13, has been established®®. The 011 gas may trace very high density regions?
(ny, =10% 7).

During a continuum global VI.BI experiment on September 19 and 20, 1992, data on
Arp 220 were obtained using the Effelsberg (100m), Jodrell Bank (76m), Madrid (70111)
and Greenbank WV (43m) telescopes. By fortunate chance, the redshifted 1667 Mliz Ol
maser main line fell within tl 1e passband of the 28-channel Mkl mode-A observations in
a significant subset of these data, allowing us to investigate the properties of the maser
at un precedented angular resolution. Many detections of the inaser were made, even on
thelongest baselines, often with simultaneous detection of continuum fringes. It was, how-
ever, possible to achicve highspectral resolution for only a small quantity of data, because
most of the original data. tapes had been recycled after completion of the continuum-mode

correlation.

High resolution spectra for 2 representative baselillc/stalls, showing the amplitude and
phase of the complex visibility as a function of heliocentric velocity, are presentedin Figure
I(a), and (b). The line peak as scen in single-dish observations? is dominated by a feature
of dimension not exceeding 1 parsec. By integrating the data across all fringe rates and
frequencies, we find that roughly 70 percent of the total single dish OH emission occurs on
lincar size scales of 10pc orless along the line-of-sight to the compact continuum sources.
By contrast, the continuum emission is dominated by a diffuse component of linear size
~100p 101415 - gnd only 1.5 to 3 percent of the flux density is incompact features detected

on our VI.Blbaselines. Fach component of the l-arcsecond double st ructure in Arp 220




displays the aboveline and continuum characteristics. Continuumn and line fringes from
the western nucleus arc simultaneously detected in continuum-mode correlations of two,
unconfused long baselines. The line and continuum fringe phases on these baselines differ
by only 20 and 40 degrees respectively, demonstrating that at least for the western nucleus,
the parsec-scale line and continuum features arc positionally coincident to within about

0.2pc.

The spectra illustrated in}tigure 1, and other spectrain our dataset, demonstrate that
the O line emission is much iore physically compact than has been previously supposed.
Our VLBIOHM line mcasurements are broadly consistent with previous results!!, however
the fact that we have simultancous continuum detections alows us to address the question
of the location of the masing gas along the line-of-sight to the nuclear continuum sources.
This is because wc can directly mecasure amplification factors on various size scales by com-
parison of simultancousline and continuum correlated flux densitics on various baselines.
The maser amplification factor within~10pc of the VI.BI continuum emission is measured
to be > 60, and the line emission from these scales accounts for >~70% of the single-
dishline flux associated with the source. On larger scales, the remaining 30%, combined
with >97% of the total continuum, yiclds an average maser amplification factor across
the diffuse continuum not exceeding ~ 0.3. “J bus, the apparent gain across the source is
highly concentrated at sites of VL.BI continuuin emission, with meanamplification factors
increasing by afactor > 200 as one moves from the scale of the diffuse continuum (tens to
hundreds of parsecs) to below ~10pc scales. Unlessour line of sight to this source is highly
fortuitous. we must presume that the apparent gain distribution is similar when viewed
fromall directions, implying that the masing gas is also highly concentrated near the VI.BI
continuum emission, at cach of the two nuclei. The probable physical extent of the bulk of
the masing gas is less than 20pc (r < 10pc).

“1 he OH megamaser in Arp 220 thus has a substantially different nature from that

previously supposed®. Instead of being a large-scale phenomenon produced by molecular




clouds distributed ininterstellar space over a volume of order 10%pc3,ina region dominated
by the nuclear stellar gravitational potential, it is asmall-scale phenomenon manifested on
scales which impiy volumes of <103pc3,in aregion where the gravitational potential is

likely to be dominated by a central supermassive black hole.

To assess the FIR pumping photon flux throughthe maser, a calculation involving the
isotropic luminosity of the maser, pump efliciencies, velocity dispersions and other variables
is necessary (see eg. Reid and Moran!®). We have performed such a calculation under
reasonable assumptions (to bereportedindetail elsewhere), and findthat the maser is
probably pumpedby a compact, warm (r <30pc,7'>150K)1IR source hidden from direct
view by cooler dust which reprocesses the radiationinto the observed GO 100z spectral
region on > 100pc scales. We calculate that anll source of this size and temperature must
supply a fraction 0.01/¢ of the totalluminosity of Arp 220, where ¢ is the pump photon
cfliciency, in order to power the observed 011 emission. Ffliciencies above 0.01 are generally
thought to be unlikely in discussions of mascr pumping. This is a strong coustraint on
the location of the ultimate power source, andanindicationthatin Arp 220, much of the
luminosity probably originates from a single, central Jlocation (i.c. an obscured quasar)

rather than from a nuclear starburst distributed over a few hundred parsecs.

The question naturally arises as to the nature of the physical entity which contains
the masing gas. Many lines of evidence indicate that the appearance of various classes of
AGN is strongly modified by viewing angle?, and central to current models for anisotropic
radiation is an obscuring densc molecular torus which forms from infalling material in
the gravitational potential well of the central supermassive black hole!?. The physical
17,18

conditions tobe expected within such a torus have been extensively modelle ,and we

can investigate the feasibility of producingihe 011 maser emission from such a torus.
According to current modecls, a typical cloud inthe torus has number density ny~ 107,
column density ~10%2%cm™ 2 and temperature ~ 1 0*K. The cloud covering factor to the

central AGN source is of order unity. Despite a high ionized fraction (Xe = ne/npy ~ 10°2),




caused by tile penetrating hard X-ray flux from the central source, many of the mode]
runs yicld clouds transparent to free-free absorption a GHz frequencies. The predicted Q11
abundances relative to Ho are typically high, ~ ] ()-” 4, and the far-infrared optical depths
are moderate (7 ~ 1between 50 and 100 pm for colurnn density ~1024cm=2).In a torus
with these properties covering 27r steradians with inner radius ~3pc, ~ 10%° Ol molecules

willbe present, sufficient to explain the observed Ollluminosity!®19,

The observed line profile from a masing torus will depend not only on e gain of the
masing gas along various lines of sight, but aso on e strength of the background continuum
available for amplification along these lines of sight. Since thie continuum is sharply peaked,
with sub-pc scale features, wc should scca strong, relatively narrow line core with weaker
broad wings. The Keplerian velocities at a radius of afew pcfrom a 1.5 x 107 Mg black
hole (yielding 5 x 10! Lg, at the ddington limit for cach of the two nuclei) arc close to 200
kin s-l, so the total velocity width of the wings should be onthe order of 400 km S-l. This
accurately describes the observed sing] c-dish line profile3. As in any model, the narrow
linewidths seen at higher resolutions in our data canbeattributedto individual masing

clouds along asingleline of sight.

Insummary,an AGN molecular torus model for the 011 megamaser in Arp 220 fits
the observations remarkably well, and in conjunction with the maser pumping constraint
discussed earlier appearsto be anattractive working hypothesis, It has been pointed out!®
that the tor us itself is a copious source of 1R photons, andthe outer parts of the torus may
well represent the maser pumping source.

Arp 220 is commonly used inlitmus tests of AGN versus starburst models of ultraluini-
nous 1 R galaxics?®, and as such is regarded astypical of its class2'. If our results can thus
be extended to the general population of megamaser galaxies, observationsof themany 011
mega masers accessible to VLBl offer a powerful new probe of A GN molecular tori andthe
hitherto virtually unobservable interiors of the nuclei of highly obscured galaxies. Further-

more, the extensive current data.base onthe 50 or so known 011 megamasers® represents




fertile ground for the investigation of torus and host galaxy properties, through analysis
of line ratios and profiles in the context of a new interpretation. Our arguments oi1 the
puinping energetics would presumably apply to megamaser galaxies in general, strongly
favouring an obscured AGN origin for the FIR luminosity.

The established l'ob o« L%, relationship is consistent with this new picture. Evidence
is available that the continuum VI1.Bl-scale radio power I'vipy is proportional to Lpp in
FIR galaxies®. The continuuin luininosity on parsec scales available for amplificationby OH
gasinthe torus is I.vipi, different by a large factor from the continuum luminosity on larger
scales used in previous arguments of this type. At the same time, the flux of 1R pumping
photons is aso proportional to the FIR luminosity, so that Loy o Lrirdviprocl 3, as
observed.

Since a torus model predicts 01 megamaser angular sizes resolvable only with V],])1,
report.s of apparent spatial velocity gradicnts onlarger scales!®23 would seem to conflict
with such a model. However, these galaxies arcstrongly associated with galactic merger
events, and the presence of two nuclei, cach with its ownasing torus, may be comion
(compare the carly VLA observations® of Arp 220). We support the suggestion® that the
typical double-peaked line profile in OH megamasers is aso a consequence of dual nucleiin
merging systems, which may be very close together spatially.

Finallv. Figure 1 (b) shows evidence for significant emission on the blue side of the
main peak, outto ~ 5000 kms '. The flux density in this region is estimated to be
30 4 10 mJy, which when compared to a single-dish spectrum taken only 4.5 years earlier!®

suggests i-amiability, but we hesitate to interpret it as such because of bascline subtraction

and calibration uncertainties in the single-dish data.
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Figure 1. Fringe amplitude and phase as a function of heliocentric velocity, relative to
the OH transition at 1667.359 Mlz, for two representative basclines. The data analysis,
including fringe searching, was performed using the N RAO AIPS software package. in inter-
ferometry, weak signals are most easily recognized by a non-random phase distribution; in
the displayed spectra weak detections arc evident through non-random channel-to-channel
phase distributions inseveral places, despite low amplitudes. Calibration of the visibili-
ties was performed using the gain andsystem temnperature incasurements supplied by cach
observatory. The calibration was refined using continuum observations of barely-recmlved
extragalactlic calibrator sources1611 + 343 and 0235-4164 under the assumption of fla visi-

bility curves on the longer baselines. The calibration accuracy is estimatedto bed 15CX.

¥igure I(a) Emission is detected inabout 20 channels (68 km S1). The main peak is
only ~10km s ! wide (resolution= 3.4 kms~1), and accounts for ~80% of the single-dish
flux density at the peak {requency; it is not possible to see this much flux unless the angular
size of the component responsible for the fringes on this baseline is less than about half the
fringe spacing, or of order Ipc. Fringes of comparable strength were scen on other baselines
with fringe spacings down to 6.0 milliaresec (2.1 pc).

T'he amplitude of theline peak is b1times higher thanthat of si~nultallcously-detected
continuuimn fringes, a measure of the maser amplification factor. Amplification factors of
~ 60 to ~ 80 arc measured on other basclines with a wide range of fringe spacings, and if

theline and continuum structures differ significantly, still higher values are iinplied.

Figurel (b) A 4 MHzspectrum showing the blue wing to best advantage, with velocity
resolution 10.2 km ", and a 4-minute integration time to reduce loss of signal due to
beating between the two nuclei. The line emission originates from two separate regions
roughly 1 arcsccond apart®!1) with a sc])aration/size ratio of atleast 30. We canaccount
for atleast 70% of the single-dish flux density o11 basclines of this length by performing a
coherentintegration across al fringe rates and all frequencies. This emission must therefore

originate on scale's smaller thanabout 10 pec.

1)




Coherence of the phase distribution indicates that emission is detected over ~450 kins™1,
mostly on the blue side of the main peak. The amplitudes suflfer from severe noise bias at
these signal levels, but from the phase dispersion we deduce amean correlated flux density

between 5000 km s~'and 5200 km s~ Yof 304 10mJy, including calibration uncertainty.

The dashed line is the Arecibo single-dish spectrumn taken from Baan, Wood and Haschick3,
presented for comparison purposes. |t is intended to illustrate the velocity registration of
certain features only, and because of the sharply differing nature of the datasets (one areal
quantity, the other a complex quantity with comnplications due to fringe rate resolution),
should mnot be comparedin detail, especi ally in the line wings., in particular, note that
any single slice through our dataset in fringe rate, such as this figure, does not represent
the total OH luminosity on these scales, thusa direct comparison with the single-dish flux

density isnot possible from this figure.
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